The recombinant plasmid RP4-TOL was transferred into Caulobacter crescentus at a high frequency, and the plasmid was maintained for at least 50 generations. C. crescentus cells which contained RP4-TOL grew on all the aromatic compounds that the plasmid normally allowed Pseudomonas putida to grow on. Reciprocal transfers from C. crescentus donor to P. putida or Escherichia coli recipients were less efficient and occurred at frequencies of lo-3. Some representative TOL-specified enzymes in cell-free extracts of C. crescentus(RP4-TOL) were inducible, and their levels were similar to those of P. putida. The amounts of mRNA from induced cells of C. crescentus(RP4-TOL) and P. putida(RP4-TOL) were also similar. Moreover, the restriction enzyme digestion maps of RP4-TOL from both C. crescentus and P. putida were the same, indicating that the expression of the TOL genes occurred without any apparent alteration of the gene structure. This suggest that the degradative genes of Pseudomonas spp. can be transferred, maintained, and expressed efficiently in C. crescentus and that the mechanism of transcriptional activation of TOL genes observed in C. crescentus is similar to that of Pseudomonas spp.
Several degradative plasmids encoding genes for utilization of a variety of aromatic compounds are generally present in Pseudomonas spp. These plasmids include TOL, CAM, NAH, SAL, pAC25, and pAC27, which determine growth on toluene (m-and p-xylene, m-toluic acid), camphor, napthalene, salicyclic acid, 3-chlorobenzoic acid, and 4-chlorobenzoic acid, respectively (1, 5) . The degradative plasmids are generally functionally transmissible only between bacteria of the genus Pseudomonas (17) . A recombinant plasmid containing RP4 and TOL (RP4-TOL) was transferred and maintained in Escherichia coli (14) . However, the resultant strain was unable to grow on toluene, mor p-xylene, or m-toluic acid, and it was suggested that this was due to inefficient expression of the TOL-specified degradative genes.
Caulobacter spp. are similar to Pseudomonas spp. in a number of ways (16) . Both organisms are gram negative, both possess the Entner-Doudoroff pathway for hexose metabolism, and the DNAs of both genera have similar G+C contents (60 to 70%). We have recently described the nutritional versatility of Caulobacter crescentus as compared with a fluorescent Pseudomonas sp. (3) . We found that C. crescentus was able to degrade a variety of aromatic compounds including benzoate, phenol, and p-hydroxybenzoate. In addition, metabolic regulation of the degradative pathways of C. crescentus seems to be very similar to that of fluorescent Pseudomonas spp. Because of these similarities, we investigated whether the degradative plasmids of a Pseudomonas sp. could be transferred, maintained, and expressed in C. crescentus. Since caulobacters are known to survive and grow in environments containing extremely low * Corresponding author. (11) . The concentration of aromatic compounds used was 0.05% (wt/vol) except toluene and m-or p-xylene, which were used as mixed vapor (air-hydrocarbon, 95:5, vol/vol) bubbled through the medium at the rate of 60 bubbles per min. Pseudomonas putida strains were grown in basal salts medium (4) using 0.05% (wt/vol) aromatic substrates. Hydrocarbons were bubbled as described above. In some experiments Luria broth (LB) was also used. Solid media contained 1.5% agar. The antibiotics kanamycin, ampicillin, and carbenicillin were used at concentrations of 30, 100, and 500 ,ug/ml, respectively.
Bacterial matings. Bacterial matings were performed with 0.25 ml each of donor and recipient, using cultures grown overnight. The cells were spun to remove any antibiotic and suspended in LB or PYE medium to original volume. The cultures were mixed and filtered through a 0.45-,um-poresize membrane filter (Millipore Corp.) and incubated for 3 h at 30°C on PYE-agar plates. After incubation, the filters were Either the enzyme assays were done immediately, or the samples were stored at 4°C and assayed within 1 week of preparation. Only 10% of the activity was lost after 7 days at 40C.
Catechol 2,3-dioxygenase was estimated as described by Nozaki (15) . Hydroxymuconic semialdehyde dehydrogenase and hydroxymuconic semialdehyde hydrolase were estimated by the method of Murray and Williams (12) . Enzymatic units were defined as described in the published procedure.
RNA manipulation. RNA was prepared from P. putida(RP4-TOL) and C. crescentus(RP4-TOL) by the procedure of Glisin et al. as described in reference 12. A portion of the cells, both induced and uninduced, was tested for enzyme activity, and another portion was used to prepare RNA. RNA concentrations were determined by measuring the absorbance at 260 nm.
The RNA dot-blot procedure was used as described by Thomas (18) . Different concentrations of glyoxalated RNA were spotted onto dry nitrocellulose paper which had been pretreated with water and 20x sodium chloride-sodium citrate before drying. The nitrocellulose paper was air dried, baked at 800C for 2 h, and boiled for 5 min in 20 mM Tris hydrochloride (pH 8.0). The paper, still wet, was prehybridized and hybridized with a purified nick-translated DNA fragment containing the xylE gene, which codes for catechol 2,3-dioxygenase of the TOL plasmid (5) .
DNA manipulation. Plasmid DNA was isolated essentially as described previously (6) . Restriction enzymes were obtained from Bethesda Research Laboratories, and digestions were carried out according to the protocols described by the manufacturer. Agarose gels (0.8%) were run overnight at a constant current of 30 mA, stained with ethidium bromide, and photographed.
RESULTS
Transfer of RP4-TOL from E. coli and P. putida to C. crescentus. We have used the RP4-TOL recombinant plasmid as a model to study the transfer of degradative genes of a Pseudomonas sp. The plasmid was chosen because RP4 transfers at a very high frequency and expresses well in C. crescentus (8) . Moreover, RP4-TOL contains all the functional and regulatory elements required for the expression of the degradative genes (4). The results of the RP4-TOL transfer studies are shown in Table 2 . Note that the two methods used to evaluate the efficiency of transfer produce different estimates. When evaluated on the basis of kanamycin resistance (Kmr), the transfers from P. putida appeared to be highly efficient (-10-'). It should be pointed out that all of the Kmr colonies were m-toluate+. However, when evaluated on the ability of the exconjugants to grow on m-toluic acid-containing plates, the transfer efficiencies appeared to be reduced approximately 100-fold (-10-3).
Since RP4-TOL can be maintained in E. coli, we have also tested the frequency of transfer of RP4-TOL from an E. coli donor to C. crescentus recipients. Table 2 suggests that both E. coli and P. putida donate RP4-TOL with similar efficiencies. Reciprocal experiments using RP4-TOL-containing C. crescentus as donor and E. coli or P. putida as recipient showed similar frequencies of transfer (_10-3), but these transfers were about 100-fold less efficient than the transfer from E. coli or P. putida to C. crescentus (Table 2) .
This prompted us to study the transfer of wild-type TOL plasmid from P. putida to C. crescentus. In contrast to RP4-TOL, no m-toluic acid-positive isolates were obtained when P. putida (TOL) was mated with C. crescentus. Thus, either the TOL plasmid is not transferred to C. crescentus, or it is not maintained there.
Growth properties of C. crescentus(RP4-TOL). C. crescentus clones containing the RP4-TOL plasmid were able to grow on various TOL-specified substrates when they were used as the sole source of carbon and energy. In contrast, wild-type C. crescentus strains did not grow on these substrates. However, the introduction of RP4-TOL into C. crescentus resulted in longer doubling time as compared with wild-type cells. The generation time of wild-type C. crescentus in minimal glucose medium was 2.5 h, whereas in a similar medium the RP4-TOL-containing strain had a doubling time of about 4 h. In minimal medium containing m-toluic acid or 3,4-dimethylbenzoic acid, the doubling time was found to be about 5 h, and in toluene or m-xylene medium, it was about 6 h. The amount of growth substrates (m-toluic acid and 3,4-dimethylbenzoic acid) and rate of Expression of the TOL genes in C. crescentus. Growth of C. crescentus(RP4-TOL) on various TOL-specified substrates suggested that the degradative genes were being expressed. We have estimated the specific activities of representative TOL-specified enzymes in cell extracts of both P. putida(RP4-TOL) and C. crescentus(RP4-TOL) and compared these estimates with the levels of mRNA synthesized. The specific activities of the three enzymes tested in both organisms were comparable under both induced and uninduced conditions ( Table 3 ). The amount of mRNA from m-toluic acid-induced C. crescentus(RP4-TOL) and P. putida(RP4-TOL) was measured by dot hybridizations followed by quantitation of the amount of hybridized probe (Fig. 1) . The levels of the enzyme activities in both P. putida and C. crescentus correlated with the amount of mRNA synthesized. It should be emphasized that xylE-specific mRNA was measured as representative of total mRNA for the TOL genes.
As described earlier, wild-type C. crescentus is able to degrade benzoic acid through the ortho pathway similar to fluorescent pseudomonads. However, after introduction of the RP4-TOL genes, benzoic acid metabolism occurred almost entirely by the meta pathway, since catechol 1,2-dioxygenase activity could not be detected in cell extracts of C. crescentus(RP4-TOL) and P. putida(RP4-TOL) grown in benzoic acid (Table 3 ). In contrast, high levels of catechol 2,3-dioxygenase could be detected. Moreover, in RP4-TOLcured strains of C. crescentus, catechol 1,2-dioxygenase activity could be detected. Thus, as in Pseudomonas sp., the ortho pathway does not seem to be expressed or induced when the TOL genes are present.
Plasmid profile of C. crescentus. Plasmid DNA isolated from m-toluic acid-grown cells was digested with EcoRI, and the resulting fragments were separated on an agarose gel and compared with RP4-TOL isolated from P. putida (Fig. 2,  lanes 2 and 3) . Figure 2 shows that C. crescentus(RP4-TOL) does indeed contain the RP4-TOL plasmid. This is indicated FIG. 1 . Determination of TOL-specific gene expression by mRNA dot-blot assay. A portion of cell preparations was subjected to enzyme assay (Table 3) , and another portion was used for RNA preparation. 32P-xyIE of TOL plasmid was used for hybridization. by the presence of EcoRI-digested fragments which correspond identically to those of EcoRI-digested RP4-TOL from P. putida. Interestingly, the digestion pattern of plasmid DNA from C. crescentus(RP4-TOL) contained additional fragments which did not correspond to any fragments generated from the P. putida plasmid (Fig. 2, lane 3) . This suggests that C. crescentus may contain some cryptic plasmids, or that there are some genetic rearrangements of RP4-TOL necessary for efficient expression. Therefore, we isolated the plasmid DNA from the wild-type C. crescentus used as recipient in the earlier conjugation experiments, and we also retransferred the RP4-TOL from C. crescentus into P. putida and E. coli. Plasmid DNAs were then compared with the original RP4-TOL. Figure 2 (lanes 4 and 5) (16, 14, 12, 10, 8, 7, 6, 5, 4, 3 , and 2 kilobases, respectively). 8 and 10.5 kilobases, respectively. The size of the others was not clear. There was no apparent structural alteration of RP4-TOL in the C. crescentus background, since identical restriction fragments were seen when the original RP4-TOL was compared with the retransferred RP4-TOL from C. crescentus (data not shown).
DISCUSSION
Our results clearly suggest that not only does C. crescentus accept and maintain the RP4-TOL plasmid, but it can also efficiently express the TOL genes. The recipients were able to grow on various TOL-specified aromatic compounds which are normally not substrates that support growth. However, C. crescentus(RP4-TOL) grew more slowly than the strains without the plasmid. In addition, the plasmid was stable in the C. crescentus background. Its stability was followed for more than 50 generations under nonselective conditions, and no loss of plasmid was detected (data not shown). Although the C. crescentus strains were able to express the TOL genes present on RP4-TOL, the same strains were unable to accept the wild-type TOL plasmid. The results, however, cannot differentiate whether TOL was not transferred or, if transferred, it was not maintained.
The specific activities of representative enzymes encoded by RP4-TOL were very similar in both C. crescentus and P. putida under induced and uninduced conditions. The similar levels of enzymes and the almost identical amount of xylE mRNA production in induced cells of both C. crescentus and P. putida suggest that the levels of transcriptional activation of TOL genes are similar. The results also indicate that the Pseudomonas promoter(s) is recognized with comparable efficiency in the Caulobacter background. It is interesting to note that an earlier report suggested that the Caulobacter promoter(s) was not recognized in Pseudomonas spp. (20) .
Wild-type C. crescentus strains are able to degrade benzoate by the ortho cleavage pathway, using inducible enzyme systems (3) . Growth on benzoate of C. crescentus(RP4-TOL), however, leads to complete suppression of the ortho pathway, and degradation occurs almost entirely by the meta cleavage pathway (Table 3 ). This could be due to the high affinity of plasmid-coded catechol 2,3-dioxygenase for catechol or to the much higher turnover of this enzyme than the chromosomally coded catechol 1,2-dioxygenase. Continuous subculture of C. crescentus (RP4-TOL) on benzoate resulted in loss of the RP4-TOL plasmid (the frequency, however, was not calculated). The degradation of benzoate by these RP4-TOL-cured derivatives occurred by the ortho pathway. A similar phenomenon was also observed in P. putida(TOL) (7, 19) .
Although efficient expression of some degradative genes sometimes requires structural rearrangement of the genetic elements (5, 10) , expression of TOL-specified genes in C. crescentus did not require gross structural alterations as judged by the EcoRI restriction digestion pattern of the plasmid DNA. However, the data by no means exclude the possibility of any structural alteration outside the EcoRI sites or point mutations. C. crescentus strains were found to contain more than two uncharacterized plasmids. These plasmids apparently were compatible with RP4-TOL, since this plasmid was maintained stably in a C. crescentus background. At present we do not know any of the functions of these plasmids.
Since RP4-TOL can be transferred at a very high frequency, the cloning of other degradative genes into RP4, or its derivatives, would be useful to study different degradative functions in C. crescentus. We have begun to carry out such studies. The results described in this paper might suggest some interesting aspects of environmental pollution control. Since the concentration of organic pollutants in several natural environments is very low and caulobacters are able to grow on low nutrient levels (16), genetic manipulations of these strains might prove useful to control pollution in such environments. Such studies are presently under investigation.
